Nodule permeability (P) controls the amount of O2 entering the nodule and is an important determinant of N2 fixation. Modulation of water volume in the intercellular spaces of the nodule cortex was hypothesized to change the effective thickness of a diffusion barrier and account for changes in P. This hypothesis was examined by evaluating physical traits of nodules that may affect P. The first test of the hypothesis was to determine whether alterations in P may result in changing both the density and the air space content of nodules as the water content of intercellular spaces was varied. Density of nodules exposed to 21 kPa Oz increased as the time following detachment from the plant increased from 5 to 60 min.
The flux density of O2 into soybean nodules is modulated by changes in P of the nodule to O2 (Weisz and Sinclair, 1987) . Both modeling (Sinclair and Goudriaan, 1981; Hunt et al., 1988) and physiological (Tjepkema and Yocum, 1974; Witty et al., 1987) studies indicated that diffusion of O2 into the nodule is decreased by the presence of a diffusion bamer in the nodule cortex. A water-filled region in the nodule cortex may function as a diffusion bamer and maintain the p 0 2 in the nodule interior at extremely low levels, preventing 0 2 inactivation of dinitrogenase (Layzell and Hunt, 1990) .
P has been found to be dynamic and responsive to a number of environmental perturbations. Subambient p0, values surrounding roots result in P increases, and supraambient pOz values surrounding roots result in P decreases (Weisz and Sinclair, 1987) . Shading (Ryle et al., 1985 ; Walsh * Corresponding author; fax 1-904-374-5852.
149 et al., 1987) and nodule detachment (Sung et al., 1991) decrease dinitrogenase activity, and this response appears to be related to a rapid decrease in P. Regulation of P by these various environmental perturbations may be due to adjustments in the amount of water in intercellular pathways of the nodule cortex (Denison, 1992) . Increases in P may be associated with increases in the intercellular ASC and decreases in the j. Conversely, decreases in P may decrease the ASC and increase the j. Variation of the intercellular water content associated with P changes may, therefore, be detected by changes in nodule density and the fractional ASC. The first objective of experiments reported in this paper was to determine whether changes in nodule density and fractional ASC could be detected in nodules subjected to various pOz treatments and nodules on plants subjected to differing light treatments. Because movement of water into and out of intercellular spaces may be important in determining P, a description of nodule water relations is required. The flow of water between cells and intercellular spaces is represented by the following equation (Nobel, 1991) : (1) where Jw (mm3 mm-2 s-') is the volumetric flux density of water across the cell membrane, Lp (mm s-' MPa-') is the hydraulic conductance of the membrane, A v / v is the relative cell volume, t is the cellular elastic modulus (MPa), G is the membrane reflection coefficient and describes the "leakiness" of the membrane, and A*, (MPa) is the ?& gradient between the inside and outside of the cell. AV/V is a response to, rather than a cause of, water flux. The L, is likely to be relatively constant as observed in pea stem tissue under a wide range of treatments that affected water flux and tissue growth (Cosgrove and Cleland, 1983a, 1983b) . Assuming that L, is also constant in cells of the nodule inner cortex, Jw will be controlled by e, c, and/or A q T . The second objective of experiments reported in this paper was to determine nodule elasticity and water release properties under conditions of different Ps. Plant Physiol. Vol. 103, 1993 
MATERIALS A N D METHODS

P
Soybean (Glycine max [L.] Merr.) plants were grown aeroponically in the greenhouse under natural illumination with the photoperiod extended to 16 h with incandescent lamps. Seeds were germinated in an artificial soil medium (Terr-lite; WR Grace Co.,' Cambridge, MA), and 3 to 4 d after sowing, the seedlings were transferred to an aeroponic system. The seedling root was passed through the bored hole in a No. 3 stopper, and the plant-stopper combination was placed in the lid of a 38-L aquarium. The aquarium held six to eight plants and was placed inside a thermally insulated chamber to modulate root and nodule temperature. The aquarium formed an aeroponic container when it was two-thirds filled with half-strength, N-free Hoagland solution (Hoagland and Arnon, 1938) , and air was continuously bubbled through the solution at a flow rate of 2 L min-'. The nutrient solution was initially inoculated with a commercial preparation of Bradyrhizobium japonicum (Nitragin Co., Milwaukee, WI). Nodules were visible within 7 d of transfer to the aeroponic system, and nodules on the top 10 cm of the root developed readily above the leve1 of the nutrient solution.
I, was measured on detached nodules from soybean plants with three to four fully expanded trifoliolate leaves. A plant was brought from the greenhouse to the laboratory 2 d before conducting an experiment. The light source for plants in the laboratory was a combination of sodium (General Electric E18) and metal halide lamps (General Electric E37) inside a water-cooled jacket (Sun-brella; Environmental Growth Chambers, Chagrin, OH). It was positioned such that 2300 pmol m-'s-' PPFD was received at the top of the plant. The photoperiod was set for 16 h beginning at 0600 h.
Nodules greater than 2 mm in diameter were removed from the top 10 cm of one or two plants, and the nodules were pooled and randomly divided into two groups of approximately 400 mg fresh weight each. The two groups of nodules were placed in separate test tubes, submerged in deionized water, and aerated at a flow rate of 0.2 L min-' with either a 21-or a 10-kPa O2 mixture. The duration of the aeration treatment was 5 , 60, 120, or 240 min. It was hypothesized that as the period of nodule detachment increased there would develop differences between treatments in P and intercellular water content, which might be detectable in 5.
Each O2 treatment and time combination was replicated four times.
At the end of aeration treatment, I, (g ~m -~) was determined for each p0, treatment by dividing nodule fresh weight (FW, g) by nodule volume (v, cm') . Nodule volume was measured by Archimedes principle (Beiser, 1973) using the apparatus illustrated in Figure 1 . A brass scaffolding was placed directly on the platform of an analytical balance. A plexiglass bridge supported a 250-mL beaker of water independently of the scaffolding and balance platform. A chamber, with the ends covered by 1-X l-mm metal screen, was suspended from a small hook on the scaffolding by a nylon l h e into the beaker of water. The line and chamber assembly was easily detached Plexiglass 'bridge" Figure 1 . Apparatus used to measure 6. The brass frame rested on the platform of an analytical balance. A beaker filled with deionized water was suspended over the brass frame and balance p'latform by a plexiglass bridge. The buoyant force of nodules in the ctiamber was transmitted to the brass frame and balance platform by the nylon line.
from the scaffolding, and the chamber was composed of two separate pieces that screwed together. After the noduks were blotted dry and FW was measured, the nodules were placed inside the chamber and immersed in the beaker of deionized water. Air bubbles were removed from the chamber and nodule surfaces by tapping the chamber against the bottom of the beaker.
Buoyant force (BF, g cm s-') of the nodules was calculated as:
where AIW is the change in immersed weight of the chamber due to nodules either increasing or decreasing the chamber weight in water, and g is the gravitational constant (980.6 cm s-'). For example, nodules less dense than water would decrease the immersed weight of the chamber and cause AIW to be a negative value; BF would, therefore, be greaíer than FW. BF may also be expressed by the relationship:
where d is the density of water at 25OC (0.9977 g; cm-'). Setting Equation 2 equal to Equation 3 cancels the gravitational terms, and an equation describing nodule volume can be expressed in terms of measured variables:
5 was then calculated as the quotient of FW divided by v. 5 was also measured for intact plants subjected to various pOz treatments. When aeroponically grown plants had developed three to four fully expanded trifoliolate leaves, the p 0 2 entering the aquariums was either kept at 21 kPa or was switched to 10 or 31 kPa for a 24-h period beginning at 1200 h. The p 0~ was decreased to 10 kPa by mixing equal volumetric flows of N2 and air. The p 0 2 was increased in two steps to 31 kPa by the addition of O2 to the air flowing through a 19-L mixing tank before flowing to the aquarium. The flow rate of each p02 mixture into the aquaririms was maintained at 2 L min-'. After 24 h of the O2 treatment, nodules on the top 10 cm of the root were removed and blotted dry, and j was determined as described previously. The precision and accuracy of the method used to measure density were evaluated by repeated measurements of the volume for three steel ball bearings using Archimedes principle. These values were compared to the volume of the bearings by measuring bearing diameter with a micrometer and calculating the volume, assuming the bearings were perfect spheres. Volume of the bearings according to the micrometer measurements was 0.2472 cm3, and volume by Archimedes principle was 0.2470 f 0.0003 cm3 (mean f SE, n = 6). Assuming that the micrometer detennination gave the "true" volume of the bearings, the relative accuracy and precision of the volume determination using Archimedes principle were -0.10 and -0.02%, respectively. Measurements on nodules may have been less accurate and precise because of rapid changes in density during the measurement process.
A possible source of error in these estimates of i, was the immersion of the nodules in deionized water for approximately 1 min during the measurement procedure. There existed the possibility that some of the air in the intercellular spaces of the nodules might be dissolved in the water and replaced by water during the short measurement period. However, the portion of the nodule in contact with the deionized water during the j measurement (i.e. outer cortex) was physically separated from the regíon of the nodule associated with P changes (i.e. inner cortex). Because the very small amount of air in the outer cortex and the short time for dissolution of the air were similar between treatments, the differences in i, between treatments should be reflected in these data even if there existed a small bias in the quantitative estimates.
Cortical Air Space Determination
To gain further insight into the physical changes in the nodule, the fractional ASC was determined for eight replications in paired experiments of two treatments: (a) control, aeroponically grown plants with three to four fully expanded trifoliolates were kept under high-intensity laboratory lights (2300 pmol m-' s-' PPFD at the top of the plant) on a 16-h photoperiod for 2 d; and (b) shaded plants receiving less than 20 wmol m-' s-' PPFD for 2 d but otherwise the same as the control.
Determination of fractional ASC of nodules was similar to the procedure described for air space detennination in root segments of Vicia faba (Evans and Ebert, 1960) . Nodules were removed from plants of each treatment, and j was determined as described in the previous section. Following j measurement, nodules were placed in a test tube with deionized water, and a 0.05 MPa vacuum was applied to the test tube contents for 10 s. The vacuum was then released and reapplied for an additionallo s, and this process was repeated for a total of five vacuum infiltrations. After the final vacuum infiltration, nodules were blotted dry, and a second j measurement was made. The increase in density due to vacuum infiltration was assumed to be due to replacement of intercellular air pathways with water. A freehand section of nodules viewed at X40 following vacuum infiltration of detached nodules with 0.1% (w/v) fast green solution indicated that displacement of intercellular air passages was limited to the nodule cortex. These results agree with vacuum infiltration of nodules with fast green on detached nodules (Streeter, 1992) and nodules from intact plants (L.C. Purcell and T.R. Sinclair, unpublished results). The fractional ASC was calculated as follows:
where Am is the difference between mass of nodules before and after vacuum infiltration. Because air space displacement was confined to the nodule cortex, z, in Equation 5 represents cortical volume and was assumed to be a constant 50% fraction of total nodule volume.
Nodule Pressure-Volume Determinations
Aeroponically grown plants were cultured as described previously with the exception that seedling roots were placed through one of three holes in a No. 7 rubber stopper. A plant with three to four fully expanded trifoliolate leaves was removed from the aeroponic chamber 3 d before measurement of nodule water relations and transferred to a 500-mL Erlenmeyer flask containing half -strength, N-free Hoagland solution (Hoagland and Arnon, 1938) . Nutrient solution was aerated through one of three holes in the stopper supporting the plant. The evening before measurement, the plant was brought to the laboratory at 1800 h and sealed into a glove box, and nutrient solution in the Erlenmeyer flask was aerated at a flow rate of 0.2 L min-' with either a 21 kPa 0 2 supply (ambient air) or a 10 kPa O2 supply. Exposure of nodules to 10 kPa O2 for 12 h in aeroponically grown plants increased P by 63% (Weisz and Sinclair, 1987) .
After 12 h of exposure to the p 0 2 treatment, pressurevolume determinations were conducted within the glove box to ensure that the p 0 2 during the pressure-volume determination was the same as the p 0 2 during the treatment. Five nodules, 2.5 to 3.0 mm in diameter, were removed from the upper 10 cm of the root, blotted dry, weighed, and sealed into a vapor pressure osmometer (model 5500; Wescor, Logan, UT). After vapor pressure equilibrium had been established (45-90 min), qtOt was measured. The nodules were placed on a balance and allowed to desiccate slightly, and then the nodules were placed back in the osmometer for another %, , , , determination. This process was repeated six to seven times during the day. After the final measurement, nodules were placed in a dryer at 8OoC for 72 h to determine dry weight. Nodules from four plants of both O2 treatments were used in the pressure-volume analysis.
The water release properties of the nodules were evaluated by two methods. The first method required the calculation of changes in nodule hydration level, defined by RWC, compared to changes in %, , , . That is, the C, (MPa-') of a tissue is defined (Tyree and Jarvis, 1982) as,
The values of RWC were calculated from the following equation.
The terms €W, DW, and TW refer to the fresh, dry, and turgid Plant Physiol. Vol. 103, 1993 weights of a tissue, respectively. This method of analyzing nodule water relations was independent of the assumptions of constant R, and negligible apoplastic solutes associated with traditional pressure-volume analysis (Tyree and Jarvis, 1982) .
The second method of evaluating nodule water relations was the traditional pressure-volume analysis. A plot of the negative reciproca1 of V,,, versus RWC was made, which had a large initial decrease in -$to;1 for a given change in RWC due to the loss of V, in the tissue (Tyree and Jarvis, 1982; Koide et al., 1989 (Pankhurst and Sprent, 1975) result in a decrease in P, which may result from increases in both apoplastic water content and solute concentration of the inner cortex.
As an alternative, F may be estimated by knowing C:, and assuming dlffering values for the 3, and R, (Tyree and Jarvis, 1982):
Because C, determination does not require V, measurernents, Equation 9 is independent of the assumptions of constant R, and negligible apoplastic solutes. Equation 9 was evaluated for R, of 0.1, 0.2, and 0.3 and for 5, of -0.5, -1.0, and -1.5 MPa.
RESULTS AND DISCUSSION
P
Variation in 7, between paired experiments was high, but the density of detached nodules placed in aerated water for 5 min was approximately the same for O2 treatments ( Table  I) . Within each paired experiment (data not shown), 7, was generally greater for the 21-kPa O2 treatment than the 10-kPa O2 treatment at the 60-, 120-, and 240-min measurements. Because of variability between paired experiments, 7, did not differ significantly between O2 treatments when averaged across experiments. However, the ratio of 7, of the 10-to the 21-kPa O2 treatments within a paired experiment clearly showed that there were significant treatment differences ( Table I) . At 60 to 240 min after detachment, the ratio of 7, for the 10-to 21-kPa O2 treatment was significantly less than 1.000 and ranged from 0.977 to 0.988. This indicates that nodule density was greater for the 21-than for the 10-kPa O2 treatment. Sung et al. (1991) found a decrease in P followling the detachment and exposure of nodules to ambient pOz. If there is a similar decrease in P of nodules detached and aerated with ambient pOn in deionized water, then this rcaponse indicates an inverse relationship between P and 7,. The displacement of intercellular air with water would incrcase the ~ In contrast to the effect of detachment and O2 treatment on ji, no difference was detected in i, after roots and nodules of intact plants were exposed to 10, 21, or 31 kPa 0 2 for 24 h (Table 11 ). The lack of differences in i, between O2 treatments in intact plants indicates that either P was not regulated by changes in intercellular water content of the nodule cortex or the measurement system had insufficient sensitivity to detect the change in i,. For nodules consisting of approximately 50% cortical tissue by volume, a decrease in the fractional ASC in the cortex of nodules from 0.09 to 0.06 due to water displacement would increase i, approximately 1.5%.
Although a 1.5% change in i3 was well within the measured limits of relative precision (-0.02%) using Archimedes principle on steel ball bearings, the variability within nodules and changes in i, during the measurement process may account for additional variation. In intact plants, an approximate 2-fold change in P between the 10-and 31-kPa O2 treatments after 24 h has been observed (Weisz and Sinclair, 1987) . This is in contrast to an estimated 4-fold decrease in P in the 1st h following nodule detachment (calculated from nodule respiration following detachment, from Sung et al., 1991) . The larger change in P for detached nodules compared to intact plants would displace a greater volume of intercellular air with water and appreciably alter i,.
Within paired experiments, i, for the prolonged shade treatment was greater than i, for the control treatment in six of the eight pairs (Table 111) . However, because of high variability among experiments, the treatment effect was not significant when averaged across experiments. A portion of the variability of i, among experiments may have been due to large differences in the cortical air volumes of plants grown in the greenhouse under different ambient light regimens.
The variation in results associated with variation in cortical air volume among experiments would be normalized in the determination of fractional cortical air space, assuming that treatments affecting P resulted in similar changes in intercellular water regardless of the initial air space volume. The estimates of fractional ASC of the nodule cortex averaged 0.088 for the control and 0.062 for the shade treatment (Table  111) . These values are slightly higher than the cortical ASC of 0.053 to 0.055 determined by microscopy (Parsons and Day, 1990; Dakora and Atkins, 1991) . The lower fractional ASC of nodules of the shade treatment compared to the control treatment may have been associated with increased thickness of the diffusion bamer and decreased P.
Nodule Pressure-Volume Determinations
A plot of T,,, versus RWC (Fig. 2) indicated that the initial decrease in q,,, was approximately linear. Over the range of RWC values from 1 to 0.85, the slope of the regression of v,,, versus RWC was 3.46 MPa. The inverse of this slope represents the bulk nodule C, and had a value of 0.29 MPa-'. A C, of this magnitude was similar to C, from leaves of desert perennials (Hunt and Nobel, 1987) and stem of palm (Holbrook and Sinclair, 1992) . There are few reports of C, for (Weisz et al., 1989) , and 0.03 MPa-' for soybean leaves (Zur et al., 1981) .
Tissues with high values of Cj, such as found in these nodules, often function to buffer tissue water loss when transpirational demand exceeds supply from the soil. The high Ci of nodules may allow water to move between the cortical symplast and apoplast with only minor effects on q,,,. Given a Cj in nodules of 0.29 MPa-', to completely fill or empty the estimated 1.7 to 4.1% intercellular air space in the inner cortex (Parsons and Day, 1990; Dakora and Atkins, 1991) by changes in cell volume would require only a 0.06-to 0.14-MPa change in qtot (Eq. 6).
Assuming a Ci of 0.29 MPa-', Equation 9 was used to predict Z at full turgor (RWC = 1) over a wide range of values for R, and T,, from 0.10 to 0.30 and from -0.5 to -1.5 MPa, respectively (Table IV) . Determination of Z for the bulk nodule using Equation 9 indicated a value between 0.91 and 2.60 MPa, which was in comparison to reported values of t Campbell et al., 1979) . The low value of 6 for nodules indicated a high degree of elasticity. A traditional analysis of the pressure-volume relationship of root nodules was undertaken, recognizing that both the apoplastic water content and solute concentration may change during measurement. The negative reciproca1 of was plotted against RWC, and visual inspection of the curve indicated that at RWC less than 0.85 the curve was approximately linear (Fig. 3) . Linear regressions for each 0 2 treatment were calculated for data at RWC less than 0.85, and these equations were not statistically different (Table V) . A regression equation combining O2 treatments had a range of residuals squared from 0.000 to 0.051. It was assumed that, if points with a RWC > 0.85 fel1 on the same regression line, then the residuals squared would fall within tht? same range as data with RWC < 0.85. This selection procedure was used to determine which data to include in the regression equation presented in Figure 3 .
Extrapolation to each of the axes of the linear regression of -$ t o ; 1 versus RWC for points with zero turgor piovides estimates of @* (ordinate) and R, (abscissa). The results from this extrapolation indicated that treatment of nodules with 10 or 21 kPa O2 had no effect on q, or @, (Table V, Figs. 3 and 4), and there was no indication that components of bulk nodule water potential were related to changes in P. Combining the O2 treatments, the regression equation in Figure 3 predicted qro = -0.48 MPa and R, = 0.28. However, each of these values seems unrealistic based on qT measurements by freeze-thaw methodology (data not shown) and morphological requirements for the high R,. The extrapolation of the pressure-volume curve assumes that there are no apoplastic solutes (Weisz et al., 1989 Z had a value of 1.25 k 0.31 MPa (Fig. 4) . This value of i was within the range of values predicted using Equation 4 (Table IV) .
In conclusion, the physical traits of nodules determined in this study were consistent with the regulation of P by varying intercellular water content. The increase in and the decrease in the fractional ASC of nodules under conditions of decreasing permeability may be due to displacement of intercellular air spaces. Pressure-volume analysis indicated that water release properties of the bulk nodule were favorable for the osmotic regulation of P. The symplastic water volume could occur for a small change in qtOt. The high Ci also resulted in t for nodules that was 1 to 2 orders of magnitude lower than most plant tissues.
